. Consequently further improvements in the accuracy of sensing and advanced performance are highly desirable to achieve better quality welding. It is important to control arc length to get the high quality welding. Since there is some disturbance, such as unstable arc, during the welding, the measurement of the welding voltage with proportion to distance between a tip of the electrode wire and base metal may be difficult. To solve this problem, an intelligent filter was proposed 3) . In this filter method, before the welding, so many times experiments are needed to adjust the filter. We proposed the estimation method based on neural networks to the electrode wire 4) . In this method, the training data were composed of several kinds of the fundamental experiments. If the estimation error became big, new training data were required. But, the extension can be estimated by using the welding voltage, the current and the wire feed rate. In this paper, we propose the estimation method of the welding voltage based on neural network, which uses the sampled data of welding current, voltage at the current pick-up point, and wire feed rate. That is, the present welding voltage is estimated by using the prior welding voltage, the current and the wire feed rate. In conventional welding for the same work pieces, the welding conditions and the gap are kept constant. The training data for neural network to estimate the welding voltage are made during the begging of the welding in steady state. The neural network may be trained on real time. After that, the welding voltage is estimated by using the trained neural network under the same welding conditions.
In this paper, two kinds of transfer functions, sigmoid function and radial base function, were applied to estimate the welding voltage. The performance of the estimation was examined by using the conventional welding method and the switch back welding method 5) . Because, in the switch back welding, the arc phenomena in slow speed movement are considerably different from that of the high speed movement. The estimation of the welding voltage becomes difficult. The possibility of the neural network as the sensor was considered.
The performance of the neural network was verified for the estimation of the welding voltage.
Neural network model

Modeling of welding circuit
In GMA welding, relationship between the melting phenomenon of an electrode wire and behaviors of arc length has been analyzed 6) . According to this result, inputs of the neural network are determined. Welding circuit was shown in Fig.1 .
When the wire extension y was approximated in one dimension coordinate, behavior of the extension length y was given by (1) where v m is the melting rate of the wire and v f is the wire feed rate. According to wire feed rate of Halmøy 7) , Eq. (1) by YAMANE Satoshi , KOIZUMI Manabu , IMAI Yuusuke , KANEKO Yasuyoshi and OSHIMA Kenji
Control of the distance between the tip of an electrode wire and a base metal is important to obtain a good welding quality in spite of an arc fluctuation. Therefore, it is necessary to estimate the welding voltage relating to its distance in not only the steady state but also the transient state. For this purpose, this paper proposes neural network models which output the present welding voltage from the data relating to wire melting, such as past current, past voltage and past wire feed rate. Since performance of the neural network model depends on threshold functions, authors investigated the performance of the neural network models based on both sigmoid function and radial base function. To confirm the validity of these systems, fundamental experiments were carried out. In this paper, performances of the neural network were investigated in pulsed current welding and switch back welding the output data from the neural network were compared with the measured data. On the other hand, let the resistance per unit length in the extension be R 0 . The welding voltage V was given by
where V a corresponds to the arc voltage. Eq.(3) indicated that the welding voltage depends on the current and the wire extension.
The characteristic of the arc voltage is approximated as the
where a, c and d are coefficients and b is constant.
The variation of the welding current was given by (5) where E and L are the output of the power source and the reactance of welding circuit including a welding cable, respectively.
Inputs and output of neural network model
According to Eqs. (1) to (5), the welding voltage is found from the current, the wire feed rate and the arc voltage. But, direct measurement of the arc voltage is difficult. If the welding voltage is calculated by using the numerical simulation based on Eq. (1) to Eq. (4), an initial value of the extension length is needed.
Since its length cannot be measured directly, the simulation based on Eqs. (1) to (4) becomes difficult.
In order to estimate the welding voltage at the present time, authors used the neural network, of which the inputs are behaviors of the prior welding voltage, the current and the wire feed rate, if the torch height was kept constant.
Sum total of inputs X in each neuron is given by (6) where x i is input and w i is weight corresponding to a synapse, as shown in Fig. 2 (a) .
The output of the neuron z is given by
where f is transfer function and is threshold. The sigmoid function is given by
The radial base function is given by (9) It is an advantage of the neural network that input-output relationship can be described for the dynamic state and the steady state by training the data 8) . In this paper, the current, the welding voltage, and the wire feed rate were sampled every 1 ms. The welding voltage, the current and the wire feed rate are selected as one set of inputs to the neural network. For conventional pulsed welding, the frequency of the welding is up to 100 Hz. One period is 10ms. It was assumed that the transient state of the voltage could be estimated by using the data for 20ms. Therefore, the data of 20 sets were used for the estimation. But, for the present time, the current and the wire feed rate were used as the set without the welding voltage. The three layer neural network was applied to estimate the welding voltage, as shown in Fig. 2 (d).
The number of the unit in hidden layer was determined from 
Training of the neural network
In In this paper, two kinds of the training data were used.
1) The conventional pulsed current welding with 60Hz.
2) The welding voltage in the switch backing welding.
A mixture gas of Ar 98% and O 2 2% was used as the shielding gas. In the pulsed current welding, the welding voltage fluctuates due to the arc phenomena and the status of the weld pool. In the switch back welding, the arc phenomena and the status of the weld pool were changed due to the high speed torch movement and the slow speed torch movement.
Estimation result of the welding voltage and discussion
Training and testing in pulsed current welding
The current, the welding voltage and the wire feed rate in the welding for 0.5 s to 0.6 s were selected as the training data, since the transient response is continued up to 0.5s from the starting of the welding.
The training results in the neural networks with sigmoid function and radial base function were shown in Fig. 3 (a) and ( 
Training and testing in switch back welding
The authors tried to apply the neural network inthe switch back welding for one side back bead welding without backing, as shown in Fig.5 . In this welding, the weaving center of the torch repeats a forward and backward like the switch-back movement along the welding direction. That is, two kinds of the travelling speed with 2.5 Hz weaving, the high speed torch movement and 27 2009 2 29s
Fig. 3 Training data in pulsed current welding. Fig. 4 Testing result of estimation in pulsed current welding.
the slow speed torch movement, were used. The pulsed current was used in the switch back welding. During the torch movement at a high speed, the arc is discharged to the root edge. During the forward movement at the slow speed, the arc heat is given to the weld pool and the surface of the groove, and the bead height is adjusted. According to the temperature rise of the weld pool, its size becomes big. Before the burn through takes place, the torch movement is changed to that at the high speed to take out the heat source from the weld pool.
The current, the welding voltage and the wire feed rate in the welding for 2. .
In the sigmoid function, the training of the network was performed by nonlinear transformation and overlearning may take place. On the other hand, in the radial base function, the learning was performed in the small space near the training data and there is no risk for the overlearning. But , the training time of the radial base function becomes longer than the sigmoid function. If the arc phenomena are repeated like the welding, where the constant welding conditions were used, the estimation based on the sigmoid function can be applied.
Conclusions
The welding voltage was estimated by using the neural network. Two kinds of the transfer function were used in the neural network. The estimation results shows as follows:
1) When the welding conditions were kept constant during the welding, the estimation performance of the sigmoid function was almost similar as the radial base function.
2) When the welding voltage waveform is greatly changed by the torch movement, the radial base function is better than the sigmoid function.
3) If the training data was composed of the beginning of the welding, the welding voltage can be estimated during the welding.
Furthermore, this neural network may be applied to estimate the actual welding voltage in the welding, in which the arc will be discharged regardless of the shortest distance between the base metal and the tip. 
